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Abstract Electromagnetic interference (EMI) shielding
effectiveness (SE) of multi-walled carbon nanotubes–
polymethyl methacrylate (MWCNT–PMMA) composites
prepared by two different techniques was measured. EMI
SE up to 40 dB in the frequency range 8.2–12.4 GHz
(X-band) was achieved by stacking seven layers of 0.3-mm
thick MWCNT–PMMA composite ﬁlms compared with
30 dB achieved by stacking two layers of 1.1-mm thick
MWCNT–PMMA bulk composite. The characteristic EMI
SE graphs of the composites and the mechanism of
shielding have been discussed. SE in this frequency range
is found to be dominated by absorption. The mechanical
properties (tensile, ﬂexural strength and modulus) of the
composites were found to be comparable or better than the
pure polymer. The studies therefore show that the com-
posite can be used as structurally strong EMI shielding
material.
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Introduction
Electromagnetic interference (EMI) shielding is very
important in today’s world of electronic devices and
components [1–4]. EMI shielding in the range of 8.2 to
12.4 GHz (the so-called X-band) is more important for
military and commercial applications. Doppler, weather
radar, TV picture transmission, and telephone microwave
relay systems lie in X-band [5]. The use of carbon nano-
tubes (CNTs) as a conductive additive for plastics in the
electronics, automotive and aerospace sectors with poten-
tial uses as EMI shielding materials, coatings for
enclosures, ESD composites, antistatic materials, conduc-
tive coatings, etc. is emerging as a major application area
of CNTs in plastics industry [3, 6–9]. Compared to con-
ventional metal-based EMI shielding materials carbon-
based conducting polymer composites are becoming
attractive because of their light weight, resistance to cor-
rosion, ﬂexibility and processing advantages [4, 10].
Amongst the carbon ﬁllers (e.g., graphite, carbon black, or
carbon ﬁbers) carbon black is commonly used as con-
ducting ﬁller in polymer composites [1–3, 10–12]. The
EMI shielding efﬁciency of a composite material depends
on factors such as the ﬁller’s intrinsic conductivity and
aspect ratio [13]. At higher ﬁller loadings, composite sys-
tem suffers from poor mechanical properties due to poor
ﬁller–matrix interactions [10]. In using carbon black as
ﬁller, a major disadvantage is the high amount of carbon
black that is required up to 30–40% to achieve desired
conductivity levels, which results in deterioration in the
mechanical properties of the polymer [3]. A major
advantage of using CNTs is that conductive composites can
be formed at low loading of CNTs due to low percolation
thresholds [3]. The small diameter, high aspect ratio, high
conductivity, and mechanical strength of CNTs make them
an excellent option for creating conductive composites for
high-performance EMI shielding materials at low ﬁlling
[13–17]. For effective EMI shielding systems, light weight
and mechanically strong materials are more desirable.
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properties of CNT-based polymer composites [4, 5, 9, 13,
17–21]. Yang et al. [17] studied the EMI shielding appli-
cations of CNT–PS foam composites and obtained a value
of about 20 dB at 7 wt% loading. The composites were
more reﬂective than absorptive to electromagnetic radia-
tion. Yang et al. [9] studied the effect of various contents
of carbon nanoﬁber and CNTs within PS matrix on the
EMI shielding effectiveness (SE) and found that with the
addition of 1 wt% CNTs into a 10 wt% carbon nanoﬁber–
polystyrene composite, a SE value of 20.3 dB was obtained
for a 1-mm thick sample. Kim et al. [20] studied the EMI
shielding properties of MWCNT–PMMA ﬁlms in the range
50 MHz-13.5 GHz and reported up to 27 dB SE of
MWCNT–PMMA composite ﬁlms for high CNT loadings
of about 40 wt%. Yuen et al. [21] studied the effect of
processing conditions on the EMI shielding properties of
MWCNT–PMMA composites prepared by in situ poly-
merization and ex situ fabrication methods. They found
that the SE was higher for in situ fabricated composites and
also found that the EMI SE of composites prepared by
stacking 10 layers of 0.1-mm MWCNT–PMMA ﬁlms was
higher than a single 1-mm thick piece of bulk 4.76 wt%
MWCNT–PMMA composite, suggesting the composite
stacking process as a better fabrication method. Huang
et al. [5] fabricated SWCNT–epoxy composites using long,
short, and annealed SWCNT, with different aspect ratios
and wall integrities. Very low percolation volumes and
20–30 dB EMI SE were obtained in the X-band range for
15 wt% SWCNT loading. Liu et al. [4] obtained an EMI
SE up to 17 dB in 8.2–12.4 GHz band for PU/SWCNT
composites with 20 wt% SWCNT loading. It is quite evi-
dent that EMI shielding values reported so far for SWCNT-
or MWCNT-polymer composites mostly vary between 20
and 30 dB only in the X-band frequency region. Higher
values have been reported at frequencies other than the
X-band [13, 21].
In our earlier studies on MWCNT–PMMA composite
ﬁlms prepared by solvent casting method, we have shown
that by dispersing about 10 vol.% MWCNT in PMMA,
electrical conductivity of about 1.37 S cm
-1 and EMI SE
about 18 dB (X-band) could be achieved [18]. The com-
posite showed promise for EMI shielding applications
primarily as EMI absorption materials. We report here EMI
SE of 40 dB of 10 vol.% MWCNT–PMMA composite.
The mechanism of EMI shielding has been investigated by
comparing the contribution of reﬂection and absorption to
the total EMI SE. In most of the previous studies on the use
of CNTs as EMI shielding materials in polymer compos-
ites, no emphasis has been paid on the mechanical
properties of the composite material though it remains an
important factor. This parameter has also been addressed in
this work.
Experimental
Fabrication of MWCNT–PMMA Composite Film
MWCNT used in this study were synthesized by CVD
method using toluene as the hydrocarbon source and fer-
rocene as iron catalyst precursor [18, 22, 23]. The purity of
the as-synthesized MWCNT was about 90% and the uni-
form diameter was in the range of 60–70 nm, and length up
to 50–100 lm.
MWCNT–PMMA composite ﬁlms were fabricated by
solvent casting method (Method A) [18]. As-synthesized
MWCNT were ultrasonically dispersed in toluene for 2 h
to obtain a stable suspension of CNTs in toluene. The
suspension was then mixed with a solution of PMMA in
chloroform to obtain a mixture of CNT/PMMA containing
10 vol.% of MWCNT in PMMA. The mixture was again
ultrasonicated for 2 h to obtain a uniform dispersion of
CNTs in PMMA. Thin polymer ﬁlm was cast from this
solution by pouring the solution into a Teﬂon spray-coated
Petri dish (diameter 400) and allowing the solvent to evap-
orate over several days followed by drying in an oven. The
resulting ﬁlm had a thickness of about 0.25–0.30 mm.
Fabrication of MWCNT–PMMA Bulk Composite
MWCNT–PMMA bulk composite was prepared by a two-
step method of solvent casting followed by compression
molding (Method B) [18]. In this method, solvent-casted
ﬁlms from the aforementioned method were cut into pieces
and stacked in a mold (60 mm 9 20 mm 9 1 mm) and
compression molded at 165 C and 100 kg/cm
2 pressure.
The resulting composite bar had a thickness of about 1 to
1.1 mm.
Characterization
SEM analysis was carried out to study the dispersion of
CNTs in the matrix and also the fracture surface of the
composites (ﬁlm as well as bulk composite) using Model
Leo S-440, scanning electron microscope.
The electrical conductivity of the composite ﬁlms was
measured by 4-point contact method [18]. The polymer
composite ﬁlm was cut into rectangular strips of size
70 mm in length and 10 mm in width. Current was sup-
plied using Kiethley 224 programmable current source and
the voltage drop was measured using Keithley 197 A auto
ranging micro volt DMM.
The EMI SE measurements of the MWCNT–PMMA
composites were carried out on an Agilent E8362B Vector
Network Analyzer in the frequency range of 8.2 to
12.4 GHz (X-band). The SE of two layers of bulk com-
posite and various layers of composite ﬁlm (stacked using
328 Nanoscale Res Lett (2009) 4:327–334
123an insulating adhesive between each layer) was measured
using sample specimen size of 21.32 mm 9 10.66 mm to
ﬁt waveguide sample holder. The thickness of each layer of
the ﬁlm was 0.3 mm and the total thickness of seven layers
of stacked composite ﬁlms was 2.1 mm. The stacked
composite ﬁlms are hereafter referred to as SCF1 (one
layer), SCF2 (2 layers), SCF3 (3 layers), SCF4 (4 layers),
SCF5 (5 layers), SCF6 (6 layers), and SCF7 (7 layers of
composite ﬁlms). For the bulk composite, the thickness of
each layer of bulk composite was 1.1 mm and the total
thickness of two layers of bulk composite was 2.2 mm. The
stacked bulk composite is hereafter referred to as SCB2
(two layers of bulk composite).
Flexural modulus and ﬂexural strength (ASTM D790) of
the bulk composites (size 50 mm 9 5m m9 2 mm) were
measured on Instron Tensile Testing Machine Model 4411.
Sample span to depth ratio was kept as 20 and cross-head
speed was maintained at 0.5 mm/min.
Results and Discussion
EMI Shielding Effectiveness
The EMI SE of a material is deﬁned as the ratio between
the incident power (Pi) and outgoing power of an electro-
magnetic wave (Pt)[ 12, 24]. SE is expressed in decibels
(dB) and is given by
SE dB ðÞ ¼   10log Pt=Pi ðÞ :
Whenelectromagneticradiationisincidentonashielding
material, phenomena such as reﬂection, absorption, and
transmission take place [17]. The total EMI SE (SEtotal)i s
the summation of the SE due to absorption (SEA), reﬂection
(SER), and multiple reﬂection (SEM), i.e.,
SEtotal ¼ SEA þ SER þ SEM:
For a single layer of shielding material, when SEA is
C10 dB, then SEM ? 0 and can be neglected [25].
The transmittance T is measured from the ratio of Pt to
Pi, i.e.,
T ¼ Pt=Pi ðÞ :
Thus, the SEtotal of shielding material can be written as
SEtotal ¼  10logT:
Then effective absorbance, Aeff is deﬁned as
Aeff ¼ 1   R   T ðÞ = 1   R ðÞ
with respect to the power of the incident electromagnetic
wave inside the shielding material, where R is the
reﬂectance. Then SE due to reﬂectance and effective
absorbance can be described as
SER ¼  10log 1   R ðÞ
SEA ¼  10log 1   Aeff ðÞ ¼   10log T= 1   R ðÞ ½ 
Effect of MWCNT Content on SER and SEA
of MWCNT–PMMA Composites
In our earlier studies [18], we reported the effect of
MWCNT content on the electrical conductivity and EMI
shielding properties of MWCNT–PMMA composite ﬁlms
(single layer) in the X-band. The MWCNT–PMMA
nanocomposites with higher MWCNT content exhibited
higher conductivity and greater EMI SE. We showed that
beyond percolation threshold of 0.5 vol.% for the
MWCNT–PMMA composite system, EMI SE increased
dramatically with slight increase in electrical conductivity
and with increase in CNT vol.%. In fact, EM theory indi-
cates that the EMI SE should increase dramatically once
percolation is achieved. The highest EMI SE of about
18 dB was achieved with 10 vol.% MWCNT–PMMA
composite. When we further investigated the reﬂection and
absorption components of these composites as a function of
CNT content at a particular frequency in the X-band
region, it was found that as the MWCNT content increases,
both SER and SEA increases. Moreover, SEA increases
much faster compared to SER. Figure 1 shows the variation
of EMI SE due to reﬂection and absorption at 12 GHz with
increasing MWCNT loadings. The difference between SEA
and SER increases as CNT content increases suggesting
that the absorption contribution to electromagnetic shield-
ing increases with increase in CNT loading.
The primary mechanism of EMI shielding is usually a
reﬂection of the electromagnetic radiation incident on the
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123shield, which is a consequence of the interaction of EMI
radiation with the free electrons on the surface of the shield
[10]. As a result, the shield has to be electrically con-
ducting although a high conductivity is not required. The
SER term increases with increase in CNT loading due to
increase in conductivity, but the increase is quite gradual
due to the moderate increase in conductivity of the ﬁlms
(SER increases from about 0.16 dB at 0.5 vol.% to about
3.85 dB at 10 vol.% loading). Absorption is usually a
secondary mechanism of EMI shielding whereby electric
dipoles in the shield interact with the electromagnetic ﬁelds
in the radiation [10]. The increasing difference between
SER and SEA with increase in CNT loading may therefore
be due to interfacial polarization of PMMA by CNT which
increases the absorption component (SEA increases from
about 2 dB at 0.5 vol.% to about 13 dB at 10 vol.%
loading). The 10 vol.% MWCNT–PMMA ﬁlm is primarily
an EMI absorbing composite material.
Figure 2 shows the SEM picture of the 10 vol.%
MWCNT–PMMA ﬁlm prepared by solvent casting
method. As evident from the micrograph, there is a uniform
dispersion of CNTs in the PMMA matrix suggesting that
ultrasonication is effective for dispersing nanotubes in the
polymer matrix. A uniform dispersion also ensures uniform
conductivity throughout the whole mass of the ﬁlm, which
is important for effective EMI shielding action.
EMI SE of 10 vol.% MWCNT–PMMA Composite
(Stacked Films and Bulk Composite)
Figure 3 shows the total EMI SE of SCF7 and SCB2
samples. EMI SE up to 40 dB in the frequency range 8.2–
12.4 GHz was achieved with SCF7 (thickness 2.1 mm)
compared to 30 dB achieved with SCB2 (thickness
2.2 mm). A value of 40 dB achieved for MWCNT–PMMA
composite of 2.1 mm thickness by stacking composite
ﬁlms containing 10 vol.% MWCNT is the highest achieved
EMI value in the X-band so far. In a similar study Yuen
et al. [21] obtained about 25 dB in the 8.2–12.4 GHz fre-
quency range for 10 layers of stacked MWCNT–PMMA
composite ﬁlms and about 20 dB for a single bulk com-
posite of 1-mm thickness at 4.76 wt.% loading. In the
present studies, stacking method was used for the com-
posite ﬁlms and the bulk composite as well. Huang et al.
[5] could achieve about 30 dB in the X-band for SWCNT–
epoxy composites of 2.0 mm thickness at 15 wt.% loading.
Effect of Stacking Method on SER and SEA
of MWCNT–PMMA Composites
When the total EMI SE (SEtotal) of stacked composite ﬁlms
and bulk composite was further divided into the reﬂection
and absorption components, it was found that SEA was
more than SER (Figs. 4, 5). Figure 4 shows that SEtotal of
SCF7 ranges between 36 and 41 dB, SEA about 27–34 dB
and SER about 6–8 dB. Also, EMI SE in the X-band is
mostly independent of the frequency. When SE was further
studied layer by layer for composite ﬁlms, it was found that
while SEtotal and SEA increased with increase in number of
layers (Figs. 6, 7, respectively) SER was almost same for
all layers (Fig. 8). When 10 vol.% MWCNT–PMMA
composite is stacked layer by layer, the sample conduc-
tivity is not varying since the amount of the conductive
ﬁller in the insulating matrix (10 vol. % MWCNT) is the
same; however, sample thickness is varying with increase
in number of layers. As long as the conductive component
is uniform and well dispersed in the polymer matrix, the SE
proves in theory and in practice to be a function of con-
ductivity and thickness [12]. In the case of SCF1 to SCF7,
Fig. 2 SEM of 10 vol.% MWCNT–PMMA composite ﬁlm showing
MWCNT dispersion in PMMA
8.00E+009 9.00E+009 1.00E+010 1.10E+010 1.20E+010 1.30E+010
-40
-35
-30
-25
-20
-15
-10
-5
0
E
M
I
 
S
h
i
e
l
d
i
n
g
 
E
f
f
e
c
t
i
v
e
n
e
s
s
 
(
d
B
)
Frequency (Hz)
SE 
Total  SCB2 
SE 
Total  SCF7 
Fig. 3 Total EMI shielding effectiveness as a function of frequency
measured in the 8.2–12.4 GHz range of SCF7 and SCB2 composites
330 Nanoscale Res Lett (2009) 4:327–334
123SE becomes a function more of thickness than
conductivity.
Shielding effectiveness due to reﬂection increases with
increase in ﬁller loading or increase in electrical conduc-
tivity as is evident from Fig. 1 even though the increase is
not very steep. As long as the amount of CNTs is same, the
contribution of reﬂection to total EMI SE will be similar
(Fig. 8). This is also evident from the fact that the electrical
conductivity of the ﬁlm and the bulk sample is similar and
their EMI SE spectra due to reﬂection show similar values
of about 6–8 dB (Figs. 5, 8; Table 1). There is also no
effect of composite processing method on SER. The con-
tribution of reﬂection to the total EMI SE is low due to the
moderate conductivity of the composites.
As evident from Fig. 7, the primary contribution to total
EMI SE is absorption rather than reﬂection in the fre-
quency range studied. This is also consistent with the
8.00E+009 9.00E+009 1.00E+010 1.10E+010 1.20E+010 1.30E+010
-40
-35
-30
-25
-20
-15
-10
-5
E
M
I
 
S
h
i
e
l
d
i
n
g
 
E
f
f
e
c
t
i
v
e
n
e
s
s
 
(
d
B
)
Frequency (Hz)
SE
Total (SCF7)
SE
R (SCF7)
SE
A (SCF7)
Fig. 4 Comparison of SEtotal,S E R, and SEA in the 8.2–12.4 GHz
range of SCF7 composite
8.00E+009 9.00E+009 1.00E+010 1.10E+010 1.20E+010 1.30E+010
-30
-25
-20
-15
-10
-5
0
E
M
I
 
S
h
i
e
l
d
i
n
g
 
E
f
f
e
c
t
i
v
e
n
e
s
s
 
(
d
B
)
Frequency (Hz)
SE
Total (SCB2)
SE
R (SCB2)
SE
A (SCB2)
Fig. 5 Comparison of SEtotal,S E R, and SEA in the 8.2–12.4 GHz
range of SCB2 composite
8.00E+009 9.00E+009 1.00E+010 1.10E+010 1.20E+010 1.30E+010
-42
-40
-38
-36
-34
-32
-30
-28
-26
-24
-22
-20
-18
-16
E
M
I
 
S
h
i
e
l
d
i
n
g
 
E
f
f
e
c
t
i
v
e
n
e
s
s
 
(
d
B
)
Frequency (Hz)
SE
Total (SCF7)
SE
Total (SCF6)
SE
Total (SCF5)
SE
Total (SCF4)
SE
Total (SCF3)
SE
Total (SCF2)
SE
Total (SCF1)
Fig. 6 SEtotal as a function of frequency measured in the 8.2–
12.4 GHz range of different stacked layers of MWCNT–PMMA
composite ﬁlms
8.00E+009 9.00E+009 1.00E+010 1.10E+010 1.20E+010 1.30E+010
-36
-34
-32
-30
-28
-26
-24
-22
-20
-18
-16
-14
-12
-10
E
M
I
 
S
h
i
e
l
d
i
n
g
 
E
f
f
e
c
t
i
v
e
n
e
s
s
 
(
d
B
)
Frequency (Hz)
SE
A(SCF7)
SE
A (SCF6)
SE
A (SCF5)
SE
A (SCF4)
SE
A (SCF3)
SE
A (SCF2)
SE
A (SCF1)
Fig. 7 SEA as a function of frequency measured in the 8.2–12.4 GHz
range of different stacked layers of MWCNT–PMMA composite
ﬁlms
8.00E+009 9.00E+009 1.00E+010 1.10E+010 1.20E+010 1.30E+010
-8.4
-8.2
-8.0
-7.8
-7.6
-7.4
-7.2
-7.0
-6.8
-6.6
-6.4
-6.2
-6.0
-5.8
-5.6
-5.4
-5.2
-5.0
-4.8
E
M
I
 
S
h
i
e
l
d
i
n
g
 
E
f
f
e
c
t
i
v
e
n
e
s
s
 
(
d
B
)
Frequency (Hz)
SE
R (SCF7)
SE
R (SCF6)
SE
R (SCF5)
SE
R (SCF4)
SE
R (SCF3)
SE
R (SCF2)
SE
R (SCF1)
Fig. 8 SER as a function of frequency measured in the 8.2–12.4 GHz
range of different stacked layers of MWCNT–PMMA composite
ﬁlms
Nanoscale Res Lett (2009) 4:327–334 331
123ﬁndings of Kim et al. [20], who also found that the
contribution of absorption to total EMI SE for both raw and
puriﬁed MWCNT–PMMA composites was larger than that
of the reﬂection, suggesting that the systems are promising
microwave absorption materials. Our studies show that SE
due to absorption increases with increase in ﬁller loading
(Fig. 1), but for the same ﬁller loading it also depends upon
the thickness of the sample and the method of composite
fabrication (Figs. 5, 7). When the total SEA of SCF7 was
compared with the total SEA of SCB2, SEA was higher by
about 10–11 dB in the ﬁrst case. Figure 7 shows that SE
due to absorption increases with increase in number of
layers, i.e., with increase in thickness of the stacked sam-
ple. As thickness increases, more radiation is absorbed as
there are more CNTs to interact with the radiation in the
bulk of the material. A uniform dispersion of CNTs in
PMMA results in the formation of an extended conducting
network of nanotubes in the polymer matrix. As thickness
increases by stacking the composite ﬁlm layer by layer, the
energy is partially lost by multiple reﬂection phenomena at
each interface of ﬁlm and is partially absorbed by the
interconnected nanotubes in the layer. The phenomena of
partial absorption, transmission, and multiple reﬂections
are repeated in each subsequent layer resulting in more
radiation absorption within the bulk of the sample resulting
in higher SE due to absorption. In other words, the com-
bination of the conducting network of nanotubes in the
PMMA matrix and the stacking of thin ﬁlm layers of the
network over one another acts as a conducting mesh to
intercept electromagnetic radiation, which undergoes
reﬂection and absorption phenomena multiple times within
the layers, thereby contributing to the absorption compo-
nent. Multiple reﬂections also increase SER but the effect
of multiple reﬂections is more prominent on SEA. The
reﬂection loss (SER) is a function of conductivity [25] and
should remain constant with the addition of more layers, as
the conductivity of all the layers is same. However, as
shown in Fig. 8,S E R (at a particular frequency) increases
with the increase in the number of layers although the
increase is very small. This is due to the contribution from
the multiple reﬂected components to the component
reﬂected from the front face of the ﬁrst layer. However, the
absorption loss takes place each time the radiation passes
through the thickness of the shield. Therefore, the multiple
reﬂections lead to corresponding multiple absorptions and
account for small increment in reﬂection. This effect is
shown in Fig. 9.
There are fewer chances of occurrence of the multiple
reﬂections phenomena that can contribute to SEA when two
thick and compact layers are stacked together as in the case
of SCB2. Lower SEA in SCB2 (Fig. 5) results in total EMI
SE to be lower in the bulk composite due to lesser number
of multiple reﬂections even though the total amount of
CNTs and thickness is the same as the SCF7 system.
Table 1 Mechanical, electrical and thermal properties of MWCNT–PMMA composites
SI.
No.
Sample Density
(g/cc)
Tensile
strength
(MPa)
a
Tensile
modulus
(GPa)
a
Flexural
strength
(MPa)
Flexural
modulus
(GPa)
Electrical
conductivity
(S/cm)
EMI (dB) Thermal
stability
(C)
a
1. PMMA ﬁlm – 23.5 1.04 – – – – 320
2. PMMA bulk 1.14–1.15 – – 55 2.6 – – 320
3. 10% MWCNT–PMMA
ﬁlm (0.25–0.30 mm)
– 23.2 1.78 – – 1.5 18 dB–40 dB
in seven
layers
385
4. 10% MWCNT–PMMA
bulk (1.0–2.0 mm)
1.18–1.2 – – 64 3.5 1.6 30 dB in two
layers
385
a [18]
Fig. 9 Effect of stacking method on EMI shielding effectiveness of
layered composite
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123Characterization of MWCNT–PMMA Composites
Table 1 lists the mechanical, electrical, and thermal prop-
erties of 10 vol.% MWCNT–PMMA composite prepared
by the two different methods. There is no deterioration in
the mechanical properties of the composites at 10 vol.%
ﬁller loading. In fact, tensile modulus of the ﬁlm is about
70% higher than the pure polymer. Flexural strength and
modulus of the bulk composite are about 16% and 35%
higher than the pure polymer, respectively, suggesting a
strong composite system. Figures 10 and 11 show SEM of
the fracture surfaces after tensile and ﬂexural tests of
composite ﬁlm prepared by Method A and bulk composite
prepared by Method B, respectively. Figure 10 shows
CNTs are well distributed, which was also evident from
Fig. 2. Examination of the crack shows some broken
nanotubes and crack bridging and some CNT pull-out. It is
evident from Fig. 11 that there is a uniform dispersion as
well as a stronger CNT–PMMA interaction in the bulk
composite. The composite ﬁlm and the bulk composite are
thermally more stable by about 65 C than pure PMMA.
Thus, the 10 vol.% MWCNT–PMMA composite system is
mechanically stronger, thermally more stable, electrically
conducting, and a promising EMI absorption material.
Studies are underway to modify the composite fabrication
method and optimize the molding process to obtain com-
posites where layered structure of thin ﬁlms is maintained
to permit multiple reﬂections in the bulk composite, i.e.,
the structure compactness is reduced while maintaining
strong CNT–PMMA interactions of the bulk composite.
Conclusions
A composite system with desirable mechanical, electrical
and thermal properties has been developed, suitable for
EMI shielding applications as effective light weight and
strong EMI absorption materials. We conclude that stacked
layers of thin ﬁlms or multiple layer composite system of
ﬁlms is more effective than the bulk composite for
absorbing EM waves. In the bulk composite, the structure
is more compact due to compression molding and the
stacked layers are thicker. The EMI SE value of 40 dB of
our composite system at 10 vol.% loading of MWCNT in
polymer matrix is so far the highest reported in the X-band
frequency region.
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